Light-shade adaptation of the chlorophyll a/b containing procaryote Prochlorothrix hollandica was studied in semicontinuous cultures adapted to 8, 80 and 200 ,umole quanta per square meter per second. Chlorophyll a contents based on dry weight differed by a factor of 6 and chlorophyll b by a factor of 2.5 between the two extreme light conditions. Light utilization efficiencies determined from photosynthesis response curves were found to decrease in low light grown cultures due to lower light harvesting efficiencies; quantum requirements were constant at limiting and saturating irradiances for growth. At saturating growth irradiances, changes in light saturated oxygen evolution rate originated from changes in chlorophyll a antenna relative to the number of reaction centers II. At light-limiting conditions both the number of reaction centers 11 and the antenna size changed. The amount of chlorophyll b relative to reaction center 11 remained constant. As in cyanobacteria, the ratio of reaction center I to reaction center 11 was modulated during light-shade adaptation. On the other hand, time constants for photosynthetic electron transport (4 milliseconds) were low as observed in green algae and diatoms. The occurrence of state one to two and state two to one transitions is reported here. Another feature linking photosynthetic electron transport in P. hollandica to that in the eucaryotic photosynthetic apparatus was blockage of the state one to two transition by 3-(3,4-dichlorophenyl)-1,1-dimethylurea. Although chlorophyll b was reported in association with photosystem 1, the 630 nanometer light effect does not exclude that chlorophyll b is the photoreceptor for the state one to two transition.
PSU changes in size due to changes in the amount of light harvesting antennae relative to the reaction centers of PSI and PSII, or PSU numbers change due to an altered number of reaction centers. Green algae and diatoms are reported to increase PSU size and/or number during shade adaptation (8) (9) (10) 19) , whereas cyanobacteria showed enlarged PSU sizes only (11, 15) . The main features in which the photosynthetic apparatus of the cyanobacteria differs from that of the green algae are: (a) the thylakoid membranes are located in the cytoplasm and not in chloroplasts; (b) the main light harvesting antennae are the phycobilisomes which are extrinsic to the thylakoid nmembrane; (c) absence of Chl b in the light harvesting Chl-protein complexes.
Prochloron didemnii, an endosymbiont in tunicates, was the first reported procaryote with a pigment combination resembling that of green algae (17) . Chl a/b ratios ranged from 3.8 to 6.9 (26, 28) , and PSU sizes were reported as 240 (28) and 800 (25) Chl/P700. A light-harvesting Chl a/b protein of 34 kD apparent molecular mass was found, but the observed phosphorylation of this protein could not be related to state 1--2 transitions (26) . Significant amounts of Chl b were found associated with PSI (13) . The lack of state 1--2 transitions was related to P. didemnii's occurrence at depths of 12 to 80 m, an environment from which far red light needed for the state 2-1l transition is permanently absent (26) .
A second, but free-living procaryote containing Chl b was isolated from a shallow freshwater lake, where it maintains itself as one of the dominant species (4, 5) . The first thylakoid membrane analyses of this prochlorophyte, Prochlorothrix hollandica, were performed by Bullerjahn et al. (3) . A 30 to 33 kD Chl b binding protein was detected along with the presence of Chl b antenna molecules functionally coupled to the PSI reaction center. In contrast, the bulk of Chl b in green algae and higher plants is found in the light harvesting complexes of PSII (LHC II), where it is bound to apoproteins of 20 to 29 kD apparent molecular mass (2, 16, 27) . This complex is shown to be directly involved in state 1--2 transitions (16) . In Dunaliella, changes in Chl a/b ratios during light-shade adaptation were related to changes in Chl b binding to LHC 11 (27) . In parallel with higher plants and green algae (e.g., 2, 16), one would expect the Chl b binding LHC to be involved in the regulation of energy (re)distribution between PSII and PSI. However, the procaryotic nature of P. hollandica would predict energy distribution by spillover regulation directed by respiratory and photosynthetic electron transport (e.g., 18 ). Here we report on a study on the lightshade adaptation in P.hollandica with respect to Chl a/b ratios, photosynthetic activity, PSU size and number, as well as to the occurrence of state transitions.
MATERIALS AND METHODS Growth Conditions
Cultures of Prochlorothrix hollandica CCAP 1490/1 (4) were grown at 20°C in 2 L cylindrical vessels using a mineral medium (4 (12) . This device allows to determine optical cross-sections in the PAR wavelength band as described previously (8) .
Fluorimetric Determinations
Variable yields of PSII fluorescence were measured according to Post et al. (22) . Light 1 and 2 were obtained using Schott double band interference filters of 714 and 630 nm, respectively, both with a half bandwidth of 8 nm (23).
Calculations and Statistics
The data given in the figures and tables are the average of at least triplicate measurements. All calculations were performed using standard methods (8) . Student's t-test was used for statistical analyses. RESULTS 
Chi
Chl a and b were calculated from absorption spectra of 90% acetone extracts of whole cells (14) .
Photosynthesis Measurements
Photosynthetic oxygen evolution was measured in a well defined light field using an incubator chamber with flat face optics, and a multigain operational amplifier (7). This device was also used for the measurement of oxygen flash yields, allowing the estimation of the PSU size of RCII (19) . Trains of saturating light flashes from EG&G FX-279 xenon flash tubes (<6 ,us duration) were provided at various frequencies (0-40 Hz). Continuous far red illumination (710 ± 8 nm, 6 ,tmol quanta m-2s-') ensured sufficient PSI activity and elimination of the "Kok" effect.
P700
P700 content was determined in thylakoid membranes pelleted at 1 10,000g after several washes in 50 mM Tricine. NaOH buffer (pH = 8.0). Oxidation and reduction using 1 mM K3Fe(CN)6 and 5 mM Na-ascorbate, respectively, was traced with an Aminco dual wavelength spectrophotometer ( Optical Cross-Section Chl a specific optical cross-sections (°Chl) were determined using a newly designed integrating sphere (Fig. 1) . Light from contained 2.5 times more Chl b as compared to HHL cells, whereas Chl a contents increased 6 times ( Table I ). The induced changes in photosynthetic potential are shown from the saturation curves for oxygen production versus irradiance (Fig. 3) . The light utilization efficiency (a), which was calculated from the initial slope of the photosynthesis versus light intensity curves, increased with growth irradiance (Table I) (Table II) . However, the increase in PSU size could not account for the almost sixfold increase in Chl a in the LL cells. From this it follows that the number of RCII in LL cells had doubled as compared to HL and HHL cells. Apparently, P.hollandica cells change both antenna size and PSII number in response to low light conditions. Besides of being determined by the RCII number, Pmax is also dependent on the rate at which RCII can reopen after performing the primary reactions. This is related to the capacity of electron flow and thus by the rate at which electrons are transferred in linear electron transport. The time constant (T) for this process is obtained from Pmax and Chl a/RCII (8) . For all growth conditions T was constant at 4 ms suggesting that the rate of photochemistry is not affected by light limited growth.
Chl a/RCI increased by approximately 50% when LL and HHL cells are compared (Table II) . This implies that the ratio 
Light Quality Adaptation
Since Chl b contents relative to Chl a contents were very low in all light conditions, the question arose as to whether energy (re)distribution between PSII and PSI could occur as it does in green chloroplasts and cyanobacteria. Regulation of energy (re)distribution is routinely studied from changes in PSII fluorescence. The highly fluorescent state 1 is reached after overexcitation of PSI, preferably using light of 690 nm or higher. State 2 is established by overexcitation of PSII, most conveniently accomplished by excitation of the accessory pigment system. In this study we used 714 nm light 1 and 630 nm light 2. The latter was chosen to excite both PSI and PSII Chl a and Chl b with a slight overexcitation of Chl b relative to Chl a.
State 1--2 transitions were observed in HL-grown P.hollandica after changing over from a 10 min. preillumination with light 1 to actinic light 2 flashes (Fig. 4A) (Fig. 4B) . Neither state 1--2 nor state 2-1 transitions were observed and, apparently, the addition of DCMU in the presence of light 1 fixed the cells in state 1. 
DISCUSSION
In essence, the experiments reported here confirm the intermediate status of P. hollandica between cyanobacteria and algae in light-shade adaptation phenomena. A striking feature is the increased Chl a/b ratio in LL adapted cells. In eucaryotic algae, Chl a/b and Chl a/c ratios usually decrease when cells become shade adapted (8, 10, 19, 21) (15, 20) and a similar phenomenon is observed in chromatically adapting cyanobacteria (1 1, 23). In the latter case it could be directly related to balancing PSI and PSII reactions in monochromatic light (23) . Its function in lightshade adaptation might be to guarantee the continuation of the ATP-generation by cyclic phosphorylation to meet energy needs for cell maintenance during periods of arrested growth.
Time constants for photosynthetic electron transport were well in the range found for green algae and diatoms (8) , whereas for cyanobacteria longer time constants are reported (23) . Another observation relating photosynthetic electron transport in P.hollandica to that in eucaryotic systems is the blockage of the state 1--2 transition after addition of DCMU. Since in cyanobacteria respiratory and photosynthetic electron transport intersect, thereby enabling state 1--2 transitions in the dark (6, 18) , an apparent lack of such an interaction in P.hollandica is suggested by these results. The low abundance of Chl b in the Chl a/b protein complex in both HHL-and LL-adapted cells (this study) and the poor stacking of thylakoids (5) 
